nanotubes (CNT) demonstrate tunable electromagnetic response properties in the microwave range (27-36 GHz) governed by their mechanical deformation. The higher the applied stress, the denser the sponge, the more reflective it is in the Ka-band. The microwave effective conductivity of the CNT network macrostructure was proved to be linearly increased with its density.
I. INTRODUCTION
Multi-walled carbon nanotubes (CNTs) are conductive elongated nanoparticles with very high aspect ratio (up to 10 4 ). They are under intensive study as inclusions for composite materials for electromagnetic shielding applications [1, 2] . One of the problems of CNT-based composite fabrication is strong aggregation effect, which occurs in the host matrix during preparation process even at low volume fraction of the CNTs. This behavior hinders the effective interaction of the inclusions with electromagnetic field reducing electromagnetic response of the composite. Ultrasonic treatment and special functionalization of the CNTs are applied to get more homogeneous distribution of the CNTs in the samples. However, additional treatment usually leads to the reduction of nanotube lengths and intertube contact conductivity and, consequently, to a decrease of their electromagnetic efficiency [2] .
Free-standing three-dimensional carbon nanotube network [3] [4] [5] could represent a great tool for studying electromagnetic wave interaction with CNTs. This network comprises homogeneously distributed curved and interconnected multi-walled CNTs; it has low density ( 40 ≈ mg/cm 3 ) and looks like a sponge. Scanning electron microscopy shows that the tubes form a random skeleton with open micrometre-size pores. Tube lengths are tenth and hundreds of microns. The statistical analysis gives a double distribution of the external CNT diameter centered at 91 ± 3 nm, and 418 ± 5 nm, respectively [3] . Such CNT network can be easily compressed giving a possibility to measure its dc- [4] and ac-conductivity at different nanotube densities. In the present report, we propose measurements of the microwave reflectance, transmittance and ac-conductivity of the sponges made of the CNT network of different densities changing smoothly via mechanical deformation in the Kaband.
II. MATERIALS AND MEASUREMENTS
The CNT-sponges network assembly was obtained following a chemical vapour deposition (CVD) process [2] [3] [4] [5] . The synthesis was carried out in a stainless steel chamber hosting a horizontal hot-wall quartz furnace and operating under controlled pressure. Before starting the growth process argon gas was flushed into the chamber, to establish an ambient inert pressure (760 Torr) free from oxygen. Subsequently the furnace temperature was raised up to the selected value and then a solution containing the carbon and the catalyst was injected into the hot area. In particular, the solution contained ferrocene (2.3 wt %) dissolved in diclorobenzene to be used as catalyst and carbon precursor, respectively. A flux of argon and acetylene (500/200 sccm) helped to inject drops of solution from a 10 mL glass syringe through a stainless tube directly into the high temperature region of the quartz tube furnace. The CNT synthesis was carried out at a temperature of 900 °C, measured by an optical pyrometer and the growth time varied from 1-3 hours during which the solution was injected at a constant rate of 7 mL/h. The microwave measurements of transmission/reflection coefficients in the Ka-band (27-36 GHz) were performed with a scalar network analyzer R2-408 (ELMIKA) after inserting the sample into a transmission line (waveguide of cross-section 7.2×3.4mm) perpendicular to wave propagation. Plate-form CNT sponge occupied all the space between the walls of waveguide and two parallel thin mica plates standing perpendicular to the waveguide axis. As the mica plates are very thin (a few micrometers), they were completely transparent for microwave radiation. Initially, the distance d between mica plates was 3.4 mm. Then it was reduced resulting in compression of the CNT network and, consequently, in an increase of its density ρ . The measurement of the reflectance and transmittance has been done for four different distances d . The effective permittivity and conductivity of the samples were found from the transmittance and reflectance. The values d and ρ for four different measurements are presented in Table I . Table 1 ). Table  I . One can see from Fig. 1 , that (i) the screening effect is stronger for more dense plate at the same quantity of the CNTs in the sample; as all the samples are opaque, interference effect is not observed;
(ii) the reflectance increases and absorptance decreases as the CNT-network density increases; at minimal density 46 mg/ml the absorptance is high ( 70% ≈ ) and the reflectance is low ( 30% ≈ ), whereas opposite is true at maximal density 370 g/cm 3 -the absorptance is low ( 20% ≈ ) and the reflectance is high ( 80% ≈ ). Fig. 2 shows effective conductivity of the CNT-network against its density. As shown in Fig. 2 , the conductivity increases linearly with the CNT density in the range (46, 370) ρ ∈ mg/cm 3 .
One can observe nonlinear dependence of the conductivity on the CNT density at 370 ρ = mg/cm 3 . We suppose that at high density, the number of intertube contacts is high resulting in additional paths for the currents.
This leads to an improvement of the effective conductivity of the CNT network. We propose simple and easy way to tune smoothly the electromagnetic response properties demonstrated by the CNT-sponges in the microwave range through applied mechanical stress to them, which changes the density of the samples and therefore changes the ac-conductivity and as the result the reflectance ability. Such a systems could be very interesting for different applications, where the tunability is the topical issue, e.g. for electromagnetic wave modulation in the cm-, mm-, and sub-mm frequency ranges.
